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Craniofacial landmarks in young children: How reliable are measurements based on 
three-dimensional imaging? 
 
Abstract 
Introduction 
Different approaches for three-dimensional (3D) data acquisition of the facial surface are 
common nowadays. Meticulous evaluation has proven their level of precision and 
accuracy. However, the question remains as to which level of craniofacial landmarks, 
especially in young children, are reliable if identified in 3D images. Potential sources of 
error, aside from the systems technology itself, need to be identified and addressed. 
Reliable and un-reliable landmarks have to be identified. 
Material and Methods 
The 3dMDfaceTM system was used in a clinical setting to evaluate the intra-observer 
repeatability of 27 craniofacial landmarks in 7 young children between 6 and 18 months of 
age with a total of 1134 measurements. 
Results  
The handling of the system was mostly unproblematic. The mean three-dimensional 
repeatability error was 0.82 mm, with a range of 0.26 mm to 2.40 mm, depending on the 
landmark. Single landmarks that have been shown to be relatively imprecise in 3D analysis 
could still provide highly accurate data if only one of the three spatial planes was relevant. 
There were no statistical differences from one patient to another. 
Conclusions  
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Reliability in craniofacial measurements can be achieved by such 3D soft-tissue imaging 
techniques as the 3dMDfaceTM System, but one must always be aware that the degree of 
precision is strictly dependent on the landmark and axis in question. 
For further clinical investigations, the degree of reliability for each landmark 
evaluated must be addressed and taken into account. 
 
Keywords 
Anthropometry; cleft lip palate; children; stereo photogrammetric imaging; three 
dimensional imaging
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INTRODUCTION 
Anthropometry is the science of measuring the characteristics of the body.1 Measuring the 
facial region is especially challenging due to the complex three-dimensional (3D) 
structures that inhibit a meaningful assessment with simple measurements. The 
development of computed tomography (CT) by Hounsfield and Ambrose2, 3 opened the 
door to 3D evaluation of bony structures which became routine over the last years.4, 5 
However, a similar tool for objective, accurate, and reliable assessment of the facial soft 
tissues is still needed. 
Direct measurements and two-dimensional photography are state of the art for 
craniofacial evaluation nowadays.6-8 The pitfalls are known and discussed.1, 9-14 For 
example direct measurements are examiner dependent and systematic retrospective 
analysis is impossible. Both reasons especially limited the application of direct 
measurements in long term follow studies. Conventional 2D photography is difficult to 
calibrate for true to scale measurements and only distances in the plane of the photo can be 
measured accurately. In addition any more sophisticated evaluation as volumetric 
measurements or image fusion techniques are not applicable to direct anthropometry or 2D 
photography. These and other limitations, combined with modern computer technology, 
have led to numerous 3D scanning devices15 for which ample data about the level of 
technical accuracy exists.16-20 In the craniofacial region 3D techniques are applied in 
anthropometry21-24, studies correlating facial phenotypes to genetic disorders25, to assess 
clinical outcomes of surgical26, 27 and non-surgical treatments28, 29, and also to predict 
prospective outcomes of therapy.30 For dynamic problems such as facial nerve function, 
3D video techniques are applied.31-34 Some studies also applied software algorithms to 
identify pathologies automatically.35 
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Obviously, before any of these new techniques is applied in clinical routine, it is 
crucial to evaluate their reliability.36 Beyond these technical aspects, the proper and 
reliable identification of landmarks is also crucial and has to be addressed.37, 38 
Our hypothesis was that despite a known overall precision of 3D imaging techniques 
below 1mm16, 20, 39 there might be craniofacial landmarks much less precise. 
 
AIM OF THE STUDY 
The aim of the study was to evaluate the repeatability of craniofacial landmark assessment 
in facial surface models of children acquired under clinical circumstances through use of 
the 3dMDfaceTM photogrammetric system. The researchers hoped to identify landmarks 
that are reliable and that can be marked repeatedly and precisely for study purposes. 
The technical parameters of 3D imaging systems are known from the literature and 
were not part of this study. For our specific setting they were evaluated in a previous study 
with a phantom model and the system provide a mean global error of 0.2mm with a range 
from 0.1 to 0.5mm.20 
 
METHODS 
Model 
The sample consisted of 6 data sets of young children between 6 and 18 months old. All 
with uni- or bilateral cleft lip and palate (CLP). All datasets were acquired under clinical 
circumstances. One child without any craniofacial deformity was included serving as a 
control in order to identify any possible difficulties related only to CLP. The study design 
fulfills the criteria of paragraphs 4a and b according to the guidelines (version 
21.5.2010.2010) of the cantonal ethics committee of Zurich and is therefore exempted 
from Institutional Review Board approval. The study design thereby fulfills the guidelines 
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of the Declaration of Helsinki about Ethical Principles for Medical Research Involving 
Human Subjects. 
Data acquisition 
The data were acquired under artificial lighting using the 3dMDfaceTM System 
(3dMD Inc., Atlanta, GA, USA) after a fresh registration of the system, as recommended 
by the manufacturer. The system, which is based on a combination of stereophoto-
grammetry and structured light, takes 6 pictures  within ~1.5 milliseconds (4 black and 
white under structured light conditions for 3D surface modeling and 2 colored for skin 
surface coloration). It is connected to a personal desktop computer where the captured data 
set is saved and calculated (Figure 1) into a 3D VRML file (45,000 to 65,000 polygons). 
Data acquisition was performed multiple times on every child until no better 3D model was 
practically achievable, due to system limitations or compliance of the child. The resulting 
dataset judged to be most suitable in matters of acquired area and low number of artifacts 
was chosen for the retrospective evaluation. An example for a typical 3D representation is 
shown in Figure 2. 
Data processing 
Further data processing was performed on a standard desktop computer using the 3dMD-
Patient-Software (3dMD Inc., Atlanta, GA, USA) that belonged to the capture device. A 
total of 27 landmarks were labeled on the surface of each 3D model, and the x-, y- and z-
coordinates of these markings were exported to an Excel 2007 file (Microsoft Corporation, 
Redmond, WA, USA) for further calculations. Landmarks were chosen due to their clinical 
relevance and spread all over the face with emphasis to aesthetically relevant regions. 
Rotation and zooming were used for best visualization of the landmarks. An overview of 
the landmarks and the subsequent labels is given in the first two columns of Table 1. The 
landmarks were labeled by the same observer on days 1, 2, 3, 4, 5, and 12. 
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Since all measurements were performed within the same 3D dataset, the x-, y- and z-
coordinates were identical for identical points. No additional superimposition was 
necessary. As references for any landmark, its mean coordinate was calculated out of the 6 
individual measurements. The target registration error (TRE = 222 zyx  ) 
representing the three-dimensional caliper distance between the reference coordinate and 
each individual measurement was calculated.20, 36, 40-42 
The null hypothesis was that the coordinates of all measurements in a patient’s 3D 
model were identical to each other and to the reference calculated. 
For every measurement the TRE was computed. A mean TRE was calculated as well 
for all TREs in each patient in order to identify potential discrepancies resulting from 
patient specific factors. Analogue a mean TRE for each landmark in all 3D models was 
calculated in order to identify potential discrepancies resulting from landmark specific 
factors. In case of major discrepancies for the repeated measurements in a landmark, the 
error in all 3 spatial dimensions was calculated and evaluated separately. Overall the 
concept of analysis was analogue to previously published studies concentrating on the 
technical precision of the system and the influence of involuntary facial movements.20, 43  
Statistical tools 
The acquired data were analyzed using descriptive statistics as well as parametric Student’s 
t-tests. The tests were performed with SPSS 11.5 (SPSS Inc, Chicago, IL, USA) and Excel 
2007 (Microsoft Corporation, Redmond, WA, USA) and were considered significant if 
p<0.05. 
 
RESULTS 
Data acquisition 
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In all patients a sufficient dataset for evaluation could be identified. Data acquisition 
did require that multiple images be taken. Between 2 and 14 (mean 7.9, standard deviation 
3.9) captures were performed for each child. Insufficient head position was the reason for 
most of the unacceptable images. The low capture time of ~1.5 milliseconds guarantees a 
sharp image, but there is a quite lengthy shutter lag, which allows the children to move 
their faces partially out of the capture region (Figure 3). The second most common reason 
for poor imaging was that prominent areas compromised the camera’s view of less 
prominent areas, resulting in poor or even missing 3D representations (compare the white 
spots in the medial aspect of the right nostril and in the left cleft side in Figure 4). Another 
problem was wet skin, resulting, e.g., from perioral saliva that caused reflections and 
therefore artifacts in the 3D image (Figure 4). 
Attempts to improve the reliability of landmark identification by marking the skin on 
the children themselves were not successful because most of them were not compliant 
enough to ensure precise marking. Any attempt of marking the skin resulted in either in 
distress of the children or vice versa in them making a game out of it. Both obviously 
impaired the relaxed facial expression necessary for reproducibility of the 3D photo. 
To identify the most valuable 3D image for further evaluation at first any pictures 
with obvious facial expressions were discarded. Out of the resulting images of each child 
the one covering the highest amount of the 27 landmarks in question was chosen. 
Data processing 
Data processing was quick and easy. Rotation and zoom were used routinely. One 
drawback of the 3dMD-Patient-Software is the blocking-out of potential landmarks by the 
label and its nearby caption, as shown in Figure 5. The issue was addressed by adjustments 
in the marking sequence. 
3D Data 
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Five points (s, v, w, z and 0) could not be labeled on all subjects since the relevant 
regions were not sufficiently represented in the 3D model (free cells in Table 1). This 
problem appeared in 5 (71%) of the 7 models. Only 2 (29%) could be labeled completely. 
However all other landmarks (22, 81%) except for the above mentioned (5, 19%) could be 
labeled on all subjects. 
The target registration errors for each landmark in each subject are given in Table 1. 
The mean TREs for each subject (range 0.66 mm to 0.91 mm, mean = 0.82 mm, standard 
deviation = 0.10 mm) are also given in the table. The data is sorted by the mean TRE for 
each craniofacial landmark (range 0.26 mm to 2.40 mm, mean = 0.85 mm, standard 
deviation = 0.58 mm), with the most reliable landmark at the top of the table. Table 2 
shows the descriptive statistics, including minimum, maximum, mean, standard deviation, 
and variance for each evaluated landmark. 
There is no difference between the TREs of the different evaluation dates. There is 
also no significant difference in TRE between the most and the least reliable 3D models 
(patient ZL, 0.66 mm; patient KF, 0.91 mm, respectively) over all landmarks (p = 0.29). 
However it is interesting that the control patient without CLP provides the best overall 
accuracy. On the other hand, the differences in TRE between the best and the worst 
landmarks (Exocanthion right, 0.26 mm; Glabella, 1.64 mm, respectively) with complete 
measurements are clear (p = 0.00006). 
Of the 27 landmarks, 18 (67%) show a reliability better than 1 mm in mean, and 
another 6 (22%) are within the range of 1 – 1.5 mm. Only 3 (11%) landmarks were 
revealed to be worse than 1.5 mm (Figure 6). For these three landmarks, the error for each 
individual axis was calculated. The softgonion showed a higher precision (mean 0.80 mm, 
respectively 0.83 mm) in the x-axis (left to right distance = width of the mandible) than in 
the other two axes (p=0.03) (Table 3). 
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DISCUSSION 
Regarding the aim of the study, which was to identify craniofacial landmarks that are 
reliable and that can be marked repeatedly and precisely, it can be stated that none of the 
landmarks fulfilled the null hypothesis of being perfectly repeatable even if some 
landmarks (such as endo- and exocanthion) came close to it. 
Most of the landmarks fulfilled a reliability level below a 3D TRE of 1.5 mm, which 
is comparable to the literature39, 43 and considered to be clinically acceptable.43 
Discrepancies of most facial soft tissue structures below 1.5 mm are not observable to the 
naked eye, even for experienced examiners.43  Of course there are some landmarks in 
which even small deviations would greatly influence the aesthetic impression—e.g., edges 
of the cristae philtri. But these are the ones that are also easily identifiable in the 3D 
models and which, therefore, showed the highest reliability levels far below 0.5 mm (Table 
1, Figure 6). 
For the softgonion – which is among the least reliable landmarks – it could be shown 
that the 3D TRE is mainly a result of discrepancies in the y- and z-axes (Table 3). 
Therefore this landmark can very well be used, e.g., to evaluate the width of the mandible. 
Overall our results are comparable to previous results with model heads19, children39 
and adults39, 43 and due to similarity in system set up, imaging strategy and evaluation 
concept the comparison should be valid.  
Regarding data acquisition and data processing, in our study two key elements 
leading to high quality data were revealed. The first is sensitive communication with the 
children and their accompanying adults (mostly the mother) to ensure a maximum level of 
compliance, and the second is to acquire a high number of raw datasets in a short time to 
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avoid  straining  the  children’s  patience.  Out  of  these multiple data sets, the best can be 
chosen after the session. 
The software problem wherein one landmark caption blocks out other important 
regions close by does obviously not influence the overall ability of the system to capture 
facial pose. However it exemplarily shows one of the points that need to be addressed to 
achieve optimal results and to gain a user friendly system. The problem should be easy to 
overcome by an update of the software under the consideration of clinical demands. A 
simple option for hiding the labels e.g. would solve the problem. 
One downside of the present study is the relatively small number of subjects 
evaluated and the focus on intra-observer reliability only. However, we believe this to be 
overcome by the conclusive results that are in line with the clinical expectations. Focusing 
on one observer performing the measurements within a time frame of roughly two weeks is 
in our eyes useful to simulate a clinical study setting. Different observers or a larger space 
of time in-between measurements would obviously add additional bias but not reveal any 
additional information about the precision of the presented technique in an assumed study 
setting. 
In sum, we believe the presented technique of 3D photography to be valid for soft 
tissue evaluation of the face in a combined setting with 3D photos taken under clinical 
circumstances and further evaluation performed under study conditions. However, one 
must be aware of the different levels of reliability for individual craniofacial landmarks, 
especially since the reliability of landmarks might differ depending on the spatial plane 
evaluated. Ideally, in any study using 3D imaging techniques, the evaluation concept 
should be investigated in advance, and the revealed information about the level of 
precision should be included in the study and its design. The fact that in our study the 
children with CLP showed a lower accuracy than the one without CLP (even though not 
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statistically significant) supports this need of study-adjusted evaluation of the level of 
precision. In our case we found that the lip margins, which are usually very precise in 
identifications, are less precise in CLP patients. This is in our experience founded by the 
lip cleft anatomy, which is less open to the view angle of the camera system. In addition 
the cleft region tends to be covered with saliva, which sometimes produces artifacts due to 
light reflection. 
Further investigations are necessary to evaluate inter-observer reliability, which 
might be an issue for bigger multi center studies, meta analysis or simply comparison of 
results between different scientific groups. It also should be clarified whether certain 
adapted techniques, like computing the mean coordinates out of the number of evaluations 
performed, might reduce the variability in the landmarks that have been revealed to be less 
accurate. Also patient specific influence factors—e.g., weight changes or unaware mimic 
activity—must be investigated to define their level of influence.43 
The technology of 3D video data acquisition31, 32 is making precise evaluation even 
more challenging. The best way to address the huge amount of information provided by 
these four-dimensional techniques will, in our view, be a semi-automatic technique in 
which software automatically follows landmarks manually set through the video material. 
 
CONCLUSIONS 
Reliability in craniofacial measurements is a baseline condition which no anthropometric 
evaluation concept can be permitted to fail. This goal can be achieved by such 3D soft-
tissue imaging techniques as use of the 3dMDfaceTM System, but one must always be 
aware that the degree of precision is strictly dependent on the landmark and axis in 
question. 
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For further clinical investigations the degree of reliability for each evaluated 
landmark must be taken into account. 
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Table Legends 
Table 1 Evaluated craniofacial landmarks and resulting target registration errors 
(TRE) for each individual landmark in each subject. Landmarks sorted by overall TRE 
for each landmark – best at top.  
 
Table 2 Descriptive statistics for all measured TREs, Landmarks sorted by overall 
TRE for each landmark – best at top. (all distances in mm)  
 
Table 3 Detailed analysis of error (in mm) per axis for Glabella and Softgonion.  
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Figure Legends 
Figure 1 Screenshot during calculation of the 3D representation from the four 
structured light pictures taken. 
 
Figure 2 Typical 3D representation as acquired by the 3dMDfaceTM System. 
 
Figure 3 Release delay leads to tilted head position with insufficient capture of the 
right side of the face. 
 
Figure 4 Saliva leads to reflections and compromised 3D representation perioral. This 
effect can also be seen at the sclera on a regular basis. 
 
Figure 5 Blocking-out of potential landmark regions by nearby labels and their 
captions. 
 
Figure 6 TREs per landmark, mean TRE per landmark, standard deviation (red). (Be 
aware that single outliers for landmarks w and v are not plotted due to scaling.) 
 
 
 
TRE TRE TRE TRE TRE TRE TRE TRE 
Patient AA Patient BJ Patient FN Patient JL Patient KF Patient ZL Patient ZJ overall 
Craniofacial landmark Label         
Exocanthion right f 0.17 0.44 0.31 0.25 0.34 0.14 0.19 0.26 
Subnasale j 0.20 0.46 0.28 0.46 0.19 0.25 0.21 0.29 
Christa philtri left q 0.45 0.28 0.67 0.12 0.18 0.22 0.40 0.33 
Endocanthion left c 0.29 0.69 0.28 0.23 0.31 0.19 0.34 0.33 
Christa philtri right r 0.81 0.61 0.35 0.28 0.17 0.15 0.27 0.38 
Exocanthion left e 0.44 0.33 0.51 0.31 0.40 0.28 0.45 0.39 
Labiale superius p 0.70 0.40 0.69 0.27 0.24 0.18 0.54 0.43 
Cheilion right u 0.60 0.62 0.40 0.55 0.40 0.24 0.23 0.43 
Endocanthion right d 0.64 0.62 0.55 0.31 0.41 0.23 0.36 0.45 
Alar curvature left m 0.72 0.38 0.26 0.39 0.47 0.20 0.82 0.46 
Alar curvature right n 0.40 1.05 0.21 0.29 0.43 0.46 0.49 0.48 
Pronasale l 0.33 0.57 0.83 0.55 0.49 0.45 0.57 0.54 
Stomion s 0.68 0.52  0.48 0.31 0.77  0.55 
Cheilion left t 0.33 1.20 0.97 0.50 0.46 0.17 0.45 0.58 
Softnasion b 0.53 0.95 0.91 0.49 1.11 0.64 0.41 0.72 
Labiale inferius o 1.43 1.07 0.73 0.43 0.39 0.56 0.46 0.72 
Softpogonion x 0.73 0.93 1.21 0.93 0.83 0.99 0.72 0.91 
Softporion right 0 (zero) 0.55    1.48 0.77  0.93 
Softorbitale left g 0.66 1.34 1.67 0.84 1.50 0.77 0.96 1.11 
Softorbitale right h 1.10 1.22 0.94 1.02 1.65 0.85 1.17 1.14 
Alare left k 0.92 1.67 0.64 1.44 1.51 1.31 0.85 1.19 
Softporion left z 0.62  0.58 1.13 1.42 3.14 0.81 1.29 
Softgnathion y 0.89 1.24 1.33 2.48 1.25 1.03 1.34 1.36 
Alare right l 0.48 1.54 1.26 1.79 2.13 1.05 1.76 1.43 
Glabella a 1.03 2.33 1.82 1.70 1.53 0.77 2.33 1.64 
Softgonion right w 2.10  2.84 2.48 2.61 1.29  2.26 
Softgonion left v 1.56  2.17 2.57 2.28  3.43 2.40 
 TRE overall 0.72 0.89 0.90 0.86 0.91 0.66 0.82 0.82 
 
Table 1 Evaluated craniofacial landmarks and resulting target registration errors (TRE) for each individual landmark in each subject. Landmarks sorted by overall TRE for each 
landmark – best at top. 
7DEOH
Descriptive Statistics 
  N Minimum Maximum Mean Std. Deviation Variance 
f 42 0.03 1.03 0.26 0.17 0.03 
j 42 0.10 0.79 0.29 0.18 0.03 
q 42 0.02 1.20 0.33 0.28 0.08 
c 42 0.07 1.00 0.33 0.19 0.04 
r 42 0.02 2.17 0.38 0.40 0.16 
e 42 0.06 0.96 0.39 0.19 0.04 
p 42 0.10 1.99 0.43 0.34 0.11 
u 42 0.03 1.26 0.43 0.30 0.09 
d 42 0.04 1.18 0.45 0.25 0.06 
m 42 0.07 2.09 0.46 0.44 0.19 
n 42 0.10 1.98 0.48 0.38 0.15 
i 42 0.05 1.86 0.54 0.34 0.12 
s 30 0.10 1.23 0.55 0.28 0.08 
t 42 0.02 1.79 0.58 0.44 0.20 
b 42 0.16 1.81 0.72 0.43 0.19 
o 42 0.11 2.55 0.72 0.55 0.30 
x 42 0.16 2.35 0.91 0.50 0.25 
0 18 0.06 1.73 0.93 0.54 0.29 
g 42 0.27 2.91 1.11 0.63 0.40 
h 42 0.16 2.29 1.14 0.52 0.27 
k 42 0.12 3.10 1.19 0.73 0.53 
z 36 0.23 4.67 1.29 1.11 1.23 
y 42 0.31 3.73 1.36 0.88 0.77 
l 42 0.17 4.83 1.43 0.88 0.77 
a 42 0.16 4.22 1.64 1.06 1.13 
w 30 0.27 7.60 2.26 1.49 2.23 
v 30 0.25 5.91 2.40 1.27 1.62 
Valid N 
(listwise) 
12 
          
 
Table 2 Descriptive statistics for all measured TREs, Landmarks sorted by overall TRE for 
each landmark – best at top. (all distances in mm) 
7DEOH
  
Error Error Error Error Error Error Error Error 
Patient 
AA 
Patient 
BJ 
Patient 
FN 
Patient 
JL 
Patient 
KF 
Patient 
ZL 
Patient 
ZJ overall 
Craniofacial landmark Label         
Glabella, x-axis a 0.43 0.21 0.66 0.73 0.86 0.70 0.40 0.57 
Glabella, y-axis a 0.29 1.24 1.12 0.96 0.64 0.18 1.22 0.81 
Glabella, z-axis a 0.82 1.96 1.09 1.01 0.96 0.23 1.87 1.13 
          
Softgonion right, x-axis w 0.27  0.29 0.97 1.33  1.30 0.83 
Softgonion right, y-axis w 0.90  0.57 1.24 1.51  2.86 1.42 
Softgonion right, z-axis w 1.06  1.96 1.77 0.57  0.99 1.27 
          
Softgonion left, x-axis v 0.44  0.84 1.45 0.65 0.63  0.80 
Softgonion left, y-axis v 1.87  0.44 0.71 1.41 0.99  1.08 
Softgonion left, z-axis v 0.68  2.52 1.68 1.88 0.39  1.43 
 
Table 3 Detailed analysis of error (in mm) per axis for Glabella and Softgonion. 
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